Introduction {#sec1}
============

Noble metal nanoclusters, with up to a few hundred atoms, have attracted widespread attention due to their small size and properties not found in larger nanoparticles, such as nonbulk structures, potentially atomic monodispersity, and luminescence.^[@ref1]^ These clusters may find applications in catalysis, sensing, and bioimaging.^[@ref2]^ Cluster properties are size-dependent, and with atomic monodispersity, it becomes possible to correlate properties with size at the single atom level. It is therefore of great interest to prepare atomically monodisperse clusters in bulk quantities and with high yields, preferably without resorting to multistep reactions or extensive purification protocols. To date, this has been achieved for a number of highly stable magic number gold and silver clusters, notably Ag~44~(SR)~30~ and Au~25~(SR)~18~, where SR indicates a thiolate ligand.^[@ref3]−[@ref7]^ New synthesis protocols are constantly being developed and improved so that increasingly, also less stable sizes can be more easily obtained. For example, the cluster Au~18~(SR)~14~ was at first only prepared in a mixture with multiple different sizes and had to be isolated using gel electrophoresis.^[@ref8]^ More recently, a pH controlled reduction method was developed, which directly yielded the monodisperse cluster in high quantitites.^[@ref9]^ Knowledge of the mechanisms of cluster synthesis have made this progress possible.

Studies of cluster synthesis have focused on gold clusters and have determined a number of factors that can influence the product(s) obtained from a reaction. These include reaction temperature,^[@ref10]^ solvent^[@ref11]−[@ref13]^ and even stirring speed.^[@ref14],[@ref15]^ At first glance this may seem like the development of a good synthesis protocol is more art than science. However, some general principles have been established. It is commonly accepted that the synthesis of clusters proceeds via a kinetically controlled reduction reaction.^[@ref16]^ The precursor for cluster synthesis is usually a simple metal salt such as HAuCl~4~ which is mixed with thiols in solution. After formation of this synthesis intermediate, a reducing agent (often NaBH~4~) is added to reduce metal ions. Nucleation occurs, followed by growth. A large number of different cluster and nanoparticle species may be formed. The solution is then aged to obtain the final product. This may involve a change in synthesis conditions such as a change of solvent and addition of a different ligand to etch clusters to the desired size.^[@ref11]^ During aging, thermodynamics becomes of greater importance. As some species are inherently less stable than others, they will convert to the more stable species, which are the final products of the reaction. This spontaneous process is called size focusing.^[@ref16]−[@ref18]^ To obtain a different product, the initial size distribution of clusters can be changed. This can be done for example by changing the solvent, temperature or stirring speed. These parameters influence the rate of the reduction, but also the extent of aggregation of the Au(I)-thiolate intermediate for Au clusters.^[@ref10]^

Less is known about the synthesis mechanisms of Ag clusters. Therefore, in this article, we investigate the synthesis of silver nanoclusters capped with the dithiolate ligand lipoic acid (LA). We have previously characterized this cluster and found that its composition is Ag~29~(LA)~12~^3--^.^[@ref19]^ Each LA binds bidentate, which makes it a magic number cluster with 8 electrons.^[@ref20]^ Most importantly, our previous work found that atomically monodisperse Ag~29~ can be obtained without any purification. Once the synthesis starts, there are no further changes to the reaction mixture. This makes it an ideal candidate for a detailed investigation. We prepare these clusters via a bottom-up approach using AgNO~3~, but a top-down method involving etching of larger nanoparticles with excess LA also yields Ag~29~.^[@ref21]^ It may be that similar size focusing mechanisms are occurring in both cases.

In this study, we investigate the formation of Ag~29~(LA)~12~^3--^ from AgNO~3~ using optical spectroscopy, mass spectrometry, and X-ray absorption spectroscopy (XAS). XAS was found to be an especially useful technique, as it is element specific and does not require extensive sample purification which may affect the compositions of the clusters. From XAS, one can obtain information about the electronic structure and local geometry of the absorber.^[@ref22]−[@ref24]^ A XAS spectrum is usually divided in two regions: the extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure (XANES). Quantitative information about bond lengths and coordination numbers can be obtained from EXAFS by fitting to the EXAFS equation.^[@ref22]^ Analysis of XANES is more complicated and requires comparison to spectra of reference compounds or calculations. Both techniques were used to study the formation of Ag~29~ clusters.

While the nucleation and initial growth could not be studied in detail, it was determined that, within minutes of reduction, large clusters or nanoparticles with a hundred or more Ag atoms are present. Size focusing to Ag~29~ then occurs, possibly via Ag~28~ and Ag~26~, and the remarkable stability of Ag~29~ clusters is an important factor in their successful synthesis. The conversion of Ag~∼100~ to Ag~29~ likely proceeds via an etching mechanism where oxygen plays an important role.

Methods {#sec2}
=======

Chemicals {#sec2.1}
---------

AgNO~3~ was obtained from Fisher Scientific (laboratory reagent grade) or Sigma-Aldrich (≥99.0%). NaBH~4~ (99%), (±)-α-lipoic acid (≥99%), methanol (≥99.9%), Ag powder (≥99.9%), Ag~2~O (99%), Ag~2~S (99.9%), and silver diethyldithiocarbamate (99%) were purchased from Sigma-Aldrich. 1-Butanol (99.5%) was obtained from Acros. Water was of Milli-Q quality, purified using a Millipore Direct-Q 3 water purification system.

Synthesis {#sec2.2}
---------

The synthesis of the Ag clusters is adapted from that of Adhikari et al.^[@ref25]^ and is the same as that used in our previous studies.^[@ref19],[@ref26]^ Full details are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf). For X-ray spectroscopy experiments, the synthesis was scaled up 5× without any further modifications to the protocol. The pH of the cluster solution is ∼9.

Optical Spectroscopy {#sec2.3}
--------------------

UV--vis spectra were recorded using a PerkinElmer Lambda 950 or a PerkinElmer Lambda 40. Emission spectra were recorded with a 450 W xenon lamp and a Spex 1680 (0.22m) spectrofluorometer for excitation and an Acton Research SpectraPro 300i monochromator with a liquid N~2~ cooled Princeton Instruments CCD camera for detection of emission spectra. The CCD camera was equipped with a 150 lines/mm grating blazed at 800 nm. The excitation wavelength was 420 nm.

Mass Spectrometry {#sec2.4}
-----------------

MS measurements were performed in negative ion mode using an electrospray ionization time-of-flight (ESI-ToF) instrument (LC-T; Micromass, Manchester, U.K.) equipped with a Z-spray nanoelectrospray ionization source. Needles were made from borosilicate glass capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a P-97 puller (Sutter Instruments, Novato, CA), coated with a thin gold layer by using an Edwards Scancoat (Edwards Laboratories, Milpitas, CA) six Pirani 501 sputter coater. After purification, the sample was sprayed into the mass spectrometer. The applied voltage on the needle was 1180 V and the sample cone voltage was varied between −5 and 0 V. All spectra were mass calibrated in negative ion mode, using an aqueous solution of phosphoric acid (0.1% v/v). All samples were purified using 1-butanol (BuOH) to extract water, containing excess ligands and other possible contaminants, in several steps until the clusters sediment, after which they are washed with a small amount of methanol (MeOH) and redispersed in water. Full details are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf).

EXAFS {#sec2.5}
-----

Ag K-edge EXAFS (25.51 keV) was measured at BM26A (DUBBLE) of the European Synchrotron Radiation Facility.^[@ref27]^ The incident beam was selected using a Si(111) monochromator. The measurements were performed in fluorescence mode using an 8 element Ge detector. Samples were measured in capillaries (Hilgenberg, 2 mm outside diameter, article no. 4007620).

EXAFS was recorded of concentrated Ag cluster solution prepared a few days before the measurement. The clusters were concentrated around 5× using 3 kDa cutoff filters (Amicon, Millipore) and then typically measured for 30--60 min (4 scans). After this, a new sample was prepared and measured. This was done in order to avoid radiation damage. The final spectrum was averaged over 25 spectra taken from seven freshly concentrated aliquots of the same batch of clusters. EXAFS during synthesis was recorded by taking aliquots at regular intervals during synthesis. Each aliquot was measured for no more than 60 min. As the synthesis is ongoing, the sample compositions will change somewhat during this time, and this is the reason we did not measure for longer times. In combination with the low Ag concentration (1 mM), this means that the EXAFS data are rather noisy; above the edge, the counts per second are 1--2 × 10^4^, compared to a background of 5 × 10^3^ counts below the edge.

EXAFS analysis was done using VIPER,^[@ref28]^ and the Athena and Artemis^[@ref29]^ software packages. Scattering phases and amplitudes were calculated using FEFF for a number of different compounds, including Ag and Ag~2~S, coordinates of which were obtained from the Inorganic Crystal Structure Database^[@ref30]^ (numbers 44387 and 44507, respectively), as well as Ag~29~(BDT)~12~(TPP)~4~,^[@ref31]^ with TPP (triphenylphosphine) ligands removed and BDT (1,3-benzenedithiol) replaced by LA. To ensure reasonable C--C and C--H bond lengths and angles in the newly added LA ligands, the geometry of the ligands was optimized using molecular mechanics (UFF force field, steepest descent algorithm) in Avogadro.^[@ref32]^ The positions of Ag and S atoms were fixed so that the core structure remained unchanged.

One Ag--Ag and one Ag--S path were used in the fit. Typical fit parameters for as-synthesized clusters were: *k* = 3.0--12.5 Å^--1^, *R* = 1.0--3.2 Å, using a Hanning window (*dk* = 1 Å^--1^) for the Fourier transformation. Fitting was done using *k* = 3 weighting in VIPER and *k* = 1, 2, 3 weighting in Artemis. The compound from which the scattering path was calculated had a minor effect on the fit, as had the fitting software and parameters. Clusters during synthesis were measured over a shorter *k*-range, *k* = 3.0--8.15 Å^--1^, and *R* = 1.0--3.45 Å. To determine coordination numbers during synthesis, a number of parameters were fixed to that of as-synthesized clusters, such as bond lengths or Debye--Waller factors, or both, of the two scattering paths.^[@ref33]^ A number of fits showed unreasonable parameters, such as negative Debye--Waller factors or extremely short bond lengths. These fits were discarded and excluded from further analysis. Regardless of whether none, two or four parameters were fixed in the fit, the results show similar trends. The amplitude reduction factor *S*~0~^2^ was not explicitly taken into account during fitting (i.e., *S*~0~^2^ = 1 was used). However, from fitting a reference Ag sample and assuming transferability, it may be estimated, *S*~0~^2^ = 0.9.

XANES {#sec2.6}
-----

Ag L~3~-edge XANES (3.35 keV) was recorded at beamline ID26 at the European Synchrotron Radiation Facility. The incident beam was selected using the (111) reflection from a double Si crystal monochromator. Higher harmonics were suppressed using a Si coated mirror at an angle of 3.5 mrad. The typical beam size on the sample was 500 × 100 μm^2^ (H × V), with a photon flux of 1 × 10^13^ s^--1^. X-ray fluorescence was collected at a 90° angle using a silicon drift detector (SDD). The detector signal was corrected for any nonlinearity (or saturation effects) at high count rates, and all spectra were normalized for incident photon flux.

For XANES, the Ag~29~ synthesis was done at 5× the normal scale to give a final sample volume of 83.5 mL, while all reagent concentrations were unchanged. The scaling up does not affect the synthesis process or the final sample composition.^[@ref19]^ The sample was placed in a vial from which liquid was pumped through a 1.5 mm capillary to form a free-standing liquid jet which was placed in the focus of the beam. Below the jet, the liquid was collected and returned to the synthesis vial. To avoid attenuation of X-rays through air, the jet was run through a chamber filled with helium. The chamber had a kapton window on one side for the incoming X-ray beam, and another where the detector was placed. Pumping and purging with He was required to avoid absorption by argon present in air (K-edge 3.21 keV). The slight overpressure of He in the chamber resulted in saturation of the Ag cluster solution with He, which we believe was beneficial in preventing radiation damage when studying as-synthesized clusters. Despite exposure to X-rays for 7 h, the change in UV--vis absorption spectra was minimal. This was in great contrast to what was seen when the same liquid jet setup, but without He chamber, was used in an attempt to record Ag K-edge EXAFS (25.51 keV). Then, the sample darkened noticeably and absorption features had all but disappeared after the same time, despite this experiment being carried out on a bending magnet beamline rather than an undulator beamline.

To monitor sample changes, we also recorded UV--vis absorption spectroscopy by pumping the solution through a Hellma 3-in-1 flow cuvette (product no. 176-766-15-40, 2 mm path length) which was built into the circuit just before the capillary. The excitation source was an Ocean Optics DH-2000-BAL lamp equipped with an Ocean Optics FVA-UV fiber optic variable attenuator, and transmitted light was detected using an Ocean Optics Maya 2000 Pro spectrometer. The attenuator was positioned between the lamp and flow cuvette to decrease the intensity of UV--vis light, which was necessary to avoid saturation of the spectrometer. By recording a blank and dark spectrum, the absorbance of the sample was immediately calculated by the software (SpectraSuite). A schematic figure of the setup is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Liquid jet setup with continuous flow for recording X-ray absorption spectroscopy in a He atmosphere. The sample is pumped from the reservoir first through a flow cuvette to record UV--vis spectroscopy and then through a capillary nozzle to form a freestanding jet in a chamber with He, where X-ray spectroscopy can be measured. The detector is placed at a 90° angle to the incoming beam to collect fluorescence.](jp-2018-09360c_0001){#fig1}

Reference compounds were measured as solids. They were mixed with boron nitride, using around 15 mg of compound for 40 mg of boron nitride for AgNO~3~, Ag~2~O, Ag and silver diethyldithiocarbamate. After mixing, the samples were spread thinly on kapton tape before being measured in a cryostat (KONTI, CryoVac) cooled with liquid He. The typical operating temperature was 40 K. Ag was prepared with different dilutions (10 mg mixed with 30, 80, and 110 mg boron nitride) to test for self-absorption. There was no difference between the spectra of these three dilutions. Sample preparation and measurement of Ag~2~S was done by mixing 4 mg of the compound with 50 mg of cellulose and pressing it into a 13 mm diameter pellet. The spectrum was recorded at room temperature in the He chamber. No significant radiation damage was observed, but nevertheless as a precaution, multiple spots on each sample were measured. A solution of AgNO~3~ (10 mM) was also measured in the liquid jet setup, although this solution proved susceptible to radiation damage.

The experimental spectrum of Ag~29~ clusters was compared to spectra of reference compounds, as well as spectra calculated using FDMNES.^[@ref34]^ The structure of the cluster was taken from that of Ag~29~ protected with BDT,^[@ref31]^ modified in the same way as for EXAFS. The FDMNES calculation was done of each of the 29 Ag atoms in the cluster, using a radius of 6 Å for each calculation. This corresponds to the distance from the central to the outermost Ag atoms. Atomic potentials, Fermi level, and charge transfer were calculated self-consistently and the finite difference method was used to calculate potentials.^[@ref35],[@ref36]^ Relativistic effects were taken into account. The spectrum was convoluted to apply an energy-dependent broadening, using default parameters (an arctangent function). The width of the core-hole was decreased slightly to 1.50 eV to better match the experimental data. Additional calculations were performed using FEFF 9.6^[@ref37]^ for four different Ag atoms in the cluster; the central atom (1 site), one in the icosahedral shell (12 sites), one in an Ag~3~S~6~ crown (12 sites) and one external Ag atom (4 sites). The final spectrum was taken as the weighted average of these. Calculations were done using a screened (FSR) core-hole, Hedin-Lundquist exchange model, full multiple scattering (FMS, radius 6 Å) and self-consistently calculated potentials (SCF, radius 4 Å). For both FEFF and FDMNES calculations, only dipole transitions are considered (*Δl* = ± 1). The individual contributions to the spectrum of d and s final states, *Δl* = +1 and −1, respectively, were also calculated with FDMNES, using the *lminus1* and *lplus1* commands.

Results and Discussion {#sec3}
======================

Synthesis of Ag~29~ Studied with Optical Spectroscopy {#sec3.1}
-----------------------------------------------------

The synthesis process of Ag~29~ clusters involves the addition of AgNO~3~ to an aqueous solution of LA and NaBH~4~, the latter being added to deprotonate LA and reduce it to DHLA, thus making it water-soluble. This solution is pale yellow and turbid. Subsequently, more NaBH~4~ was added to reduce the silver ions. Within minutes of this, the solution turned dark and then gradually lightened to bright, reddish orange. The final cluster solution shows strong red luminescence and characteristic absorption features at 330, 425, and 500 nm. These emission and absorption features have previously been shown to originate from Ag~29~ in solutions containing no other cluster sizes and can therefore be used to study the formation of the clusters.^[@ref19]^ In total, the synthesis process takes ∼6 h, although there is some variation between samples.

Absorption and emission spectra of Ag clusters during synthesis were recorded by taking aliquots at regular intervals. Spectra are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The initial dark solution is not luminescent and shows only a broad absorption feature around 480 nm, which may indicate the presence of particles larger than 29 atoms, with a broad size distribution.^[@ref21],[@ref38]−[@ref40]^ Luminescence appears after around 50 min, which coincides with the lightening of the sample and the emergence of the absorption features at 330, 425, and 500 nm. From the normalized luminescence spectra, it can be seen that the shape of the emission peak hardly changes after the first appearance. There is only a slight decrease in relative intensity of the near-infrared (NIR) luminescence. Possibly this NIR luminescence originates from clusters that are not fully protected by ligands (it was also observed for clusters with lower LA concentrations^[@ref19]^). The Ag~29~ cluster is clearly present in low concentration in the first hour of the synthesis, and its concentration increases in time until virtually all Ag is present as Ag~29~.

![Optical properties of Ag~29~ clusters during synthesis. *t* = 0 is just before NaBH~4~ addition. (a) UV--vis absorption spectra. (b) Maximum emission intensity over time. Inset: Normalized emission spectra at the beginning and end of the synthesis.](jp-2018-09360c_0002){#fig2}

The observed changes in optical properties are consistent with earlier reports of the synthesis of Ag clusters capped with LA or LA functionalized with poly(ethylene glycol).^[@ref21],[@ref25],[@ref26]^ The synthesis process also appears similar to that of Ag~44~(SR)~30~^4--^.^[@ref39]^ It is not, however, a general process that occurs for all Ag clusters; Ag~30~(SR)~18~ does not show a broad absorption feature during synthesis but instead a steady increase in absorbance of all its characteristic absorption features.^[@ref41]^

Mass Spectrometry Study of Ag~29~ Clusters during Synthesis {#sec3.2}
-----------------------------------------------------------

Mass spectra of the Ag clusters during synthesis were recorded by taking aliquots which were purified with 1-butanol (BuOH). The purification is required to remove excess ligands and salts from the solution which interfere with the measurement. See [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf) for the effect of purification on the mass spectrum. Purification took 5--10 min, after which the sample was measured for around 15 min to collect sufficient scans. Mass spectra are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The clusters are observed as \[Ag~29~(LA)~12~^3--^ -- (*y* + *x*)H^+^ + *x*Na^+^\]^(3+*y*)--^, in overall charge states (3 + *y*)-- = 3--, 4--, and 5--. Thus, multiple ion signals are observed in each charge state due to the association with Na^+^ ions.

![Mass spectra of Ag clusters at various times after NaBH~4~ addition. The ion signals of Ag~29~(LA)~12~^3--^ are marked in blue; those of the other observed clusters in red and yellow. Charges in the legend are the cluster core charges (on Ag and S atoms). The overall charge state, which includes deprotonation, is given above the 6 min spectrum. Deprotonation and subsequent association with Na^+^ gives multiple signals for each cluster in each charge state. Ion signals marked with a red asterisk are found to increase in intensity during the mass spectrometry measurement, indicating they are formed by degradation due to light, heat, or high voltage. The given time is when the aliquot was taken.](jp-2018-09360c_0003){#fig3}

Our mass spectrometry data confirm the results of optical spectroscopy, namely that the Ag~29~ cluster appears early in the synthesis and that its concentration (signal/noise ratio) increases with time. For a number of the spectra (140, 208, and 298 min), the intensities of Na^+^ adducts appear to show a bidisperse distribution and additional species are present. These are particularly evident in the *z* = 4-- overall charge state around *m*/*z* 1500. We believe this to be an effect of a slightly higher Na^+^ concentration, either in the final purified aliquot or at some stage during the purification, which results in cluster degradation. A mass spectrum of purified clusters with added NaCl showed similarly bidisperse distributions, as well as the additional ion signals (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf)).

A number of other cluster species were also observed, with sizes close to the main cluster: Ag~29~(LA)~11~^2--^, Ag~28~(LA)~11~^2--^, and some Ag~26~(LA)~10~^2--^, shown in more detail in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf). Interestingly, these were also observed in the mass spectrum of regenerated clusters,^[@ref19]^ where it was proposed that they were formed during the purification process. The ion signals of these clusters become less prominent as the synthesis progresses. A number of other ion signals are also observed but these increased in intensity during one measurement, suggesting degradation inside the capillary needle. Therefore, they are not analyzed further. These degradation products are marked with a red asterisk in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. We find no small cluster species such as Ag~5~(LA)~3~^--^ or Ag~6~(LA)~3~ that were previously observed upon fragmentation of Ag~29~(LA)~12~^3--^ during tandem MS or when applying a high sample cone voltage.^[@ref19]^ These small species evidently do not play an important role during the synthesis. Nor do we observe any ion signals at higher *m*/*z* values, although the source pressure of the mass spectrometer was kept to a minimum, which limits the ionization of larger species. Full mass spectra during synthesis can be found in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf), along with a brief discussion of ion signals with low *m*/*z*.

It appears that the first initial burst of nucleation results in the formation of species that are not observed in our mass spectra. Within 30 min these are then converted to a mixture of Ag~26~, Ag~28~, and Ag~29~, and over time size focusing makes the distribution more and more monodisperse. The initial species may be unobserved due to its high *m*/*z* or because it does not survive the purification protocol. The BuOH purification method was seen to have some influence on the synthesis. Around 6 h after the start of the synthesis, when the reservoir solution was bright reddish orange, the purified aliquots were held under a UV-lamp to check for luminescence. The first four aliquots (taken between 0 and 86 min) were brown and nonluminescent. Aliquot 5 was lighter in color and showed weak luminescence, while aliquots 6--9 were orange and strongly luminescent. This indicates that purification in the first 1--2 h removed species that are necessary for a good reaction (for example NaBH~4~, or an excess of free LA). After 2 h the composition of the sample is such that complete purification will still yield clusters.

Mass spectrometry studies during synthesis of noble metal clusters are rare due to the challenging nature of such experiments. However, some studies have been done on Au~25~(SR)~18~^--^. These indicate that the exact reaction pathway depends on synthesis conditions. An early study was of Au~25~ in tetrahydrofuran with phenylethanethiol as ligand and NaBH~4~ as reducing agent.^[@ref42]^ It was found that the initial rapid nucleation and growth stage yielded a number of different cluster sizes up to Au~102~. Magic sizes (Au~25~, Au~38~ and Au~102~) where noticeably present. Over the course of several days, the larger sizes where gradually converted to Au~25~. A second study was done of aqueous Au~25~ clusters at high pH, capped with 3-mercaptobenzoic acid and using CO as a reducing agent.^[@ref43]^ Two growth stages were identified. The first stage involved reduction of the Au(I)-thiolate intermediate to give a narrow size distribution of clusters. In the second stage, size focusing converted these clusters into the thermodynamically most stable cluster; Au~25~. The main difference with the study using NaBH~4~ lies in the cluster sizes present after the first stage. For the clusters reduced with CO, these were significantly smaller, with fewer than 25 Au atoms. CO is a much slower, milder reducing agent than NaBH~4~. It appears to be a general trend that mild reducing agents yield smaller initial species.^[@ref16]^ As our Ag~29~ clusters are prepared with NaBH~4~, it is not unlikely that the first stage of the synthesis involves rapid reduction and growth to larger nanocluster cores, much as in the case of Au~25~ with NaBH~4~.

EXAFS of Ag~29~ Clusters and during Synthesis {#sec3.3}
---------------------------------------------

To confirm that the synthesis of Ag~29~ involves larger nanoparticles, we performed X-ray absorption spectroscopy. X-ray spectroscopy is element selective and does not require sample purification to remove excess ligands or salts. This makes it an ideal tool to investigate the synthesis of Ag~29~ clusters in further detail. As a first step, we characterized the as-synthesized Ag~29~ clusters with EXAFS to determine average coordination numbers and bond lengths. The cluster solution was concentrated (ca. 5×) using 3 kDa molecular mass cutoff filters to increase the signal-to-noise ratio and ensure accurate analysis. The clusters remain on the filter, while the filtrate is colorless. Previous work on Ag~29~ has demonstrated that the cluster solution contains no small Ag cluster species that may be removed with these filters.^[@ref19]^

EXAFS data were fitted to one Ag--S and one Ag--Ag scattering path. A typical fit is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, with the results of the fit in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The Ag--Ag coordination number was found to vary slightly depending on the fitting software and on the compound used to calculate the scattering paths and to some extent also which site was taken as the absorber for Ag~29~ with BDT. Typical values of the Ag--Ag coordination number are between 2 and 5. The Ag--S does not change as much. Using two Ag--Ag scattering paths (one long and one short) did not improve the fit significantly (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf)), and we therefore focus on EXAFS with one Ag--Ag scattering path. One average Ag--Ag bond length is also necessary for the analysis of EXAFS during synthesis, which will be discussed later.

![EXAFS of Ag cluster solution in (a) *k* and (b) *R*-space. The fit was done using scattering paths from Ag metal and Ag~2~S. The contributions of each path are also shown in (b). The results of the fit are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.](jp-2018-09360c_0004){#fig4}

###### Structural Parameters of Ag Clusters from EXAFS Analysis[a](#tbl1-fn1){ref-type="table-fn"}

  parameter             Ag--S         Ag--Ag
  --------------------- ------------- -------------
  CN                    1.26 ± 0.18   3.18 ± 1.41
  *R* (Å)               2.47 ± 0.01   2.82 ± 0.05
  σ^2^ (10^--3^ Å^2^)   4.16 ± 1.5    24.0 ± 7.9
  *E*~0~ (eV)           4.1 ± 1.7     1.4 ± 2.6

CN is the coordination number, *R* the bond length, σ^2^ the Debye-Waller factor, and *E*~0~ the energy shift. The fit is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For this fit, *R*-factor = 0.020 and reduced χ^2^ = 58. The amplitude reduction factor is not taken into account (i.e, *S*~0~^2^ = 1) for the values in the table.

The low Ag--Ag coordination number indicates a small particle size of perhaps several tens of atoms.^[@ref44],[@ref45]^ However, due to the presence of ligands an estimate that assumes a perfectly icosahedral or cuboctahedral shape will be inaccurate. The ubiquitous staple motif present in nanoclusters results in a significant fraction of metal atoms with bonds only to ligands, thus increasing the metal--ligand and lowering the metal--metal coordination numbers when compared to a perfectly icosahedral cluster with the same number of atoms.^[@ref46]−[@ref48]^

Our coordination numbers are similar to those found for Au~25~(SR)~18~.^[@ref47],[@ref48]^ Furthermore, the similarities in composition and optical properties between Ag~29~(LA)~12~^3--^ and Ag~29~(BDT)~12~(TPP)~4~^3--^ (BDT, 1,3-benzenedithiol; TPP, triphenylphosphine) and the latter's known structure^[@ref31]^ allow a more direct comparison between our experimental results and the expected coordination numbers. Ag~29~(BDT)~12~(TPP)~4~^3--^ has an icosahedral Ag~13~ core surrounded by four Ag~3~S~6~ crowns, with the remaining four Ag atoms capped by TPP situated between these crowns. A schematic representation of this structure is shown in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf). The shortest Ag--Ag bonds (up to 2.78 Å) are the 12 bonds from the central atom to those in the shell of the icosahedron. Next are the bonds between the atoms of the icosahedral shell, 12 bonds around 2.85 Å, 6 around 2.92 Å and a further 12 bonds of around 2.97 Å. Finally there are 24 long bonds of 3.05--3.16 Å that connect the Ag atoms in the crowns to each other and to the icosahedral surface. All in all, there are 42 bonds below 3.0 Å, which corresponds to an average Ag--Ag coordination number of 2.9, with average bond length of 2.87 Å. The distribution of Ag--S bond lengths shows a group of short and one of longer bonds. The 36 shorter bonds, below 2.5 Å, are those linking the Ag~3~S~6~ crowns to the icosahedral surface and most of the bonds within the crowns themselves. The longer Ag--S bonds are mainly those binding to the four external Ag atoms, which are capped by TPP ligands in the Ag~29~(BDT)~12~(TPP)~4~^3--^ cluster. Considering only the 36 shorter bonds, the average Ag--S coordination number is 2.5, with an average bond length of 2.47 Å.

These theoretical coordination numbers are in good agreement with our results. The Ag--S coordination number is perhaps slightly lower than expected. This may be due to a different surface structure of our Ag~29~ clusters compared to the Ag~29~(BDT)~12~(TPP)~4~^3--^, as our clusters do not have the additional TPP ligands. A small amount of cluster degradation/aggregation can also not be completely excluded as the cutoff filters are known to cause some cluster degradation.^[@ref19]^ However, UV--vis absorption spectra recorded before and after EXAFS show that radiation damage is limited ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf)). The experimental Ag--Ag and Ag--S bond lengths are in good agreement with expected values, and Debye--Waller factors are reasonably similar to those found for Au~25~(SR)~18~.^[@ref47]^

To investigate the synthesis mechanism of Ag~29~ clusters, EXAFS was recorded of aliquots taken from the synthesis solution at various times after addition of NaBH~4~. The aliquots were not purified or concentrated. Due to the low Ag concentration and limited time for measurements, spectra were recorded over a short *k*-range (up to *k* = 8.15 Å^--1^) with low counts (1--2 × 10^4^ in the postedge). Calculated EXAFS of Ag~29~(LA)~12~ is shown in [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf) for the short *k*-range used here as well as the longer *k*-range used for previously synthesized Ag~29~ clusters. While the shorter *k*-range results in the loss of some detail, overall the features in *R*-space EXAFS are similar. To check for radiation damage, the aliquots were kept after EXAFS measurement. Around 9 h after addition of NaBH~4~, when the synthesis was finished, all aliquots were found to luminescence red under a UV-lamp, showing that luminescent Ag~29~ clusters were formed despite exposure to X-rays.

All Fourier transformed EXAFS recorded during synthesis show two main peaks ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf)), corresponding to Ag--Ag and Ag--S scattering. To obtain good fits of EXAFS recorded during synthesis, we fixed Debye--Waller factors and bond lengths to the values of the as-synthesized cluster.^[@ref33]^ Additional fits were done using different constraints (only Debye--Waller factors or only bond lengths fixed). Coordination numbers obtained by all of the different fits are summarized in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, as box plots that show the median and the spread of the fit parameters. An alternative representation showing each obtained parameter as a separate data point is given in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf). The EXAFS spectra themselves are presented in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf). The first spectra are similar to calculated EXAFS of Ag in the center and icosahedral sites of the cluster, with high Ag--Ag and low Ag--S coordination numbers; see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf). Later in the synthesis, there is an increased resemblance to calculated EXAFS of Ag on the surface of the cluster (shell sites, see [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf)) where there are more Ag--S bonds.

![Ag--Ag and Ag--S coordination numbers during the synthesis of Ag~29~ clusters, shown as box plots. A number of fits were done for each spectrum, using different constraints, different software, or scattering paths calculated from different materials. The times are the start of each EXAFS measurement, measured from the addition of NaBH~4~ to the synthesis mixture. The median is marked with a black dot. Box edges mark the 1st and 3rd quartiles, and whiskers extend to all data points within 1.5× the interquartile range. Values outside this range are plotted as outliers.](jp-2018-09360c_0005){#fig5}

The general trend is clear: the Ag--Ag coordination number decreases over time while the Ag--S coordination number is fairly constant, with perhaps a slight increase. After 5 h, the coordination numbers are similar to those found for the as-synthesized sample, with little change during the rest of the synthesis. The initial high Ag--Ag coordination number is similar to that of Au~144~(SR)~60~ (Au--Au coordination number 7.2)^[@ref47]^ and so consistent with a particle of a hundred to a few hundred atoms. That monodisperse Ag~29~ is formed from such large species indicates that no other larger Ag cluster has a similar stability under the reductive synthesis conditions. In the size focusing process from Ag~∼100~ to Ag~29~ many medium-sized clusters may be formed but none have sufficient stability to be present in the final solution. Neither are any medium-sized clusters observed in ESI-MS.

XANES of Ag~29~ Clusters {#sec3.4}
------------------------

The Ag~29~ clusters were further studied by recording L~3~-edge X-ray absorption spectra, focusing on the near-edge structure. The cluster solution was measured as a liquid jet in a chamber with He-atmosphere to avoid attenuation of X-rays in air. Due to the slight overpressure, the solution was saturated with He which prevented radiation damage (see [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf)). Ag L~3~-edge X-ray absorption spectra of freshly prepared Ag~29~ clusters in solution are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, together with spectra of reference compounds Ag powder, Ag~2~S, AgNO~3~, and silver diethyldithiocarbamate (Ag(I)-thio). A spectrum of AgNO~3~ in aqueous solution (10 mM) is shown in [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf) and has similar spectral features as that of solid AgNO~3~.

![(a) XANES of Ag~29~ clusters together with spectra of reference compounds. (b) FDMNES calculations of Ag~29~, using the dipole selection rules *Δl* = ± 1 (s+d final states), *Δl* = +1 (d final states), and *Δl* = −1 (s final states).](jp-2018-09360c_0006){#fig6}

In L~3~-edge XAS, transitions from 2p~3/2~ to predominantly s- and d-states are observed, according to the dipole selection rule. In silver, the 2p → 5s transition is weaker by 1 order of magnitude than the 2p → 4d transition, thus the latter will dominate.^[@ref49]^ The first peak in the spectrum is called the whiteline, and for 4d metals its intensity is related to the number of empty 4d states.^[@ref50]^ Metallic silver has electron configuration 4d^10^5s^1^, while ionic Ag^+^ compounds also have a 4d^10^ state with no d-holes. Nevertheless, strong whitelines are observed, notably in AgNO~3~ and Ag~2~O. It has been found that the strong whiteline transition in these compounds is due to s--d hybridization, which results in 4d^10−δ^5s^δ^ states. Hybridization becomes stronger with increased covalency of the Ag-ligand bond.^[@ref51]^ This is different from the general interpretation of whiteline intensities due to electron-withdrawal by ligands which would create 4d^9^5s^0^ states, i.e., Ag^2+^. For bulk Ag, the features up to around 20 eV above the edge were assigned to pd states, while weak features close to the edge were due to excitations to 5s.^[@ref52]^

The spectrum of Ag~29~ clusters shows two features just above the edge (3.358 and 3.363 keV), in addition to a shoulder on the edge, and some weak, broad features far above the edge. There are significantly fewer and weaker features than for Ag metal, as expected for clusters with a small number of atoms and lack of long-range order.^[@ref53]^ The spectrum of Ag~29~ resembles somewhat that of the Ag(I)-thio and Ag~2~S, in particular the former. The structure of Ag(I)-thio has been shown to consist of bridged hexameric units \[AgS~2~CN(C~2~H~5~)~2~\]~6~ where each Ag atom is connected to either 1 Ag and 4 S or 2 Ag and 3 S.^[@ref54]^ It is thus not unreasonable to compare this to the surface atoms of the Ag clusters. We further observe that the strong whiteline of AgNO~3~ does not appear in the Ag~29~ spectrum. The shoulder on the rising edge of the Ag~29~ spectrum, which is also present in reference spectra of Ag metal and Ag~2~S, is ∼1 eV higher in energy than the AgNO~3~ whiteline. Furthermore, linear combination fits of the Ag~29~ spectrum to reference spectra did not reveal any contribution from AgNO~3~. Clearly, this precursor is not present in the solution at any significant concentration. All in all, the observed spectral features of Ag~29~ are in accordance with (i) the small size of Ag~29~, (ii) capping by thiolate ligands, and (iii) absence of any AgNO~3~ precursor in the cluster solution.

The spectral features of the Ag~29~ XANES spectrum could be reproduced with high accuracy with FDMNES calculations, as seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, while calculations using FEFF ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf)) do not reproduce the two features above the edge. FEFF uses the muffin-tin approximation, where potentials are assumed to be spherically symmetrical. This approximation may break down for anisotropic systems, while for FDMNES the potential is allowed to take any shape.^[@ref55]^ Further information about the nature of the transitions in the spectrum can be obtained from FDMNES calculations using different selection rules. The default is the dipole selection rule *Δl* = ± 1, i.e., from 2p~3/2~ to d and to s final states. Calculations were done considering *l* → *l* + 1 and *l* → *l* -- 1 transitions separately. As can be seen, most spectral features can be assigned to 2p~3/2~ → d transitions. However, the whiteline intensity is partially due to a transition to 5s. The spectra of four representative sites in Ag~29~ were also calculated separately, see [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf), and show that the experimental spectrum in particular resembles the calculated spectra of surface sites, where Ag binds to both Ag and S.

### XANES during the Synthesis of Ag~29~ {#sec3.4.1}

We attempted to record XANES of the Ag~29~ clusters synthesis in situ using the liquid jet setup. However, the synthesis was unsuccessful despite several attempts. The sample color turned from light yellow to black upon addition of NaBH~4~ to the LA + AgNO~3~ solution, with a broad absorption feature around 470 nm, but then did not change any further. It appears the initial nucleation and growth stage occurs similarly to when the synthesis is done in the lab, but the later size focusing stage of the reaction is hindered. The liquid jet setup differs from the standard reaction setup in a number of ways, most notably the exposure to X-rays and saturation of the synthesis solution with He, which may interfere with the required conditions for size focusing. This is discussed in more detail later.

Nevertheless, despite difficulties in performing the synthesis, we were able to record XANES of the solution at different stages during synthesis. If the synthesis was started in the lab and the solution transferred to the liquid jet setup after a certain amount of time, the synthesis stopped at this stage (there were no changes in the UV--vis absorption spectrum for several hours). XANES could then be recorded of this synthesis solution. By repeating this for a number of different waiting times, we could record XANES at various stages during synthesis. These spectra are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. Note that even under laboratory conditions there is some variation in the synthesis time. Therefore, the times given in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} are approximate.

![(a) XANES of Ag~29~ clusters at various stages of the synthesis. (b) The difference between each XANES spectrum and the "20 min" spectrum. Characteristic features are marked using dashed vertical lines. The given times indicate approximate progress of the synthesis from the moment of NaBH~4~ addition. The first sample was prepared directly in the liquid jet setup, the second and third were kept in the lab until characteristic absorption features began to appear, and the fourth sample was kept in the lab until it was turning orange. (c) The difference between XANES of Ag(I)--thio and Ag~2~S with bulk Ag.](jp-2018-09360c_0007){#fig7}

A number of observations can be made from the spectra. First, the edge features reminiscent of Ag(I)--thio are not present early in the synthesis. Second, the features far above the edge around 3.38 and 3.40 keV become broader and less prominent over time. Weak, broad postedge features are commonly associated with smaller particles due to lack of long-range order, as observed in various studies including L~3~-edge XANES of Au nanoparticles during synthesis,^[@ref56]−[@ref58]^ L~3~-edge XANES of Ag nanoparticles of various sizes,^[@ref53]^ and L~3~-edge XANES of Au nanoparticles, either ligand-capped^[@ref59]^ or supported on oxides.^[@ref60]^ The difference spectra shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} are similar to difference spectra between Ag(I)--thio and bulk Ag or between Ag~2~S and bulk Ag. XANES thus shows a decrease in particle size over time during the synthesis. The results agree very well with those of EXAFS and optical spectroscopy.

The spectra during synthesis were fitted to the spectrum of the previously prepared, finished clusters and that of the initial large species (first and last spectra in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Results of the fits are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and show around 50--70% of Ag is present as Ag~29~ in the synthesis solution when characteristic UV--vis absorption features begin to appear.

###### Fractions of Previously Prepared Ag~29~ Clusters ("Finished") and Large Ag Species Present Early in the Synthesis Synthesis ("20 min"), As Obtained by Linear Combination Fitting of XANES Spectra

  spectrum    fraction "20 min"   fraction "finished"   *R* factor
  ---------- ------------------- --------------------- ------------
  1.5 h             0.53                 0.47            0.00079
  2.5 h             0.32                 0.68            0.00039
  4 h               0.13                 0.87            0.00160

The very first stage of the synthesis is not observed with XANES (nor with EXAFS). In this stage, AgNO~3~ is reduced and rapid nucleation and growth occur to give the large Ag nanoparticles. This occurs within 10 min of addition of the reducing agent and probably also to some extent before. The synthesis intermediate solution (LA + AgNO~3~) already contains some NaBH~4~ that was used to make LA water-soluble. Some Ag~29~ clusters will form in this solution even without further addition of NaBH~4~.

### Importance of Oxygen during Size Focusing {#sec3.4.2}

We propose that the synthesis cannot proceed without a small amount of oxygen and that it is the saturation of the solution with He rather than exposure to X-rays which prevents successful synthesis in the liquid jet setup used for XANES. When the synthesis was performed in the setup with He but without exposure to X-rays, Ag~29~ clusters were not formed. The UV--vis absorption spectrum only showed the broad absorption feature of the larger species and the characteristic features of the Ag~29~ clusters did not appear. In laboratory setting (without He) it was observed, though not systematically studied, that opening the vial briefly a few times during synthesis increased the rate of size focusing and led to faster appearance of the bright orange color and characteristic absorption features. In addition, when a small aliquot was transferred to a larger vial (containing more air) shortly after reduction with NaBH~4~, it turned orange and luminescent faster than the parent sample.

It has been shown that oxygen plays an important role in etching to obtain monodisperse Au clusters. Au~25~ clusters can be prepared in tetrahydrofuran with tetra-*n*-octylammonium bromide, a phase transfer agent, provided there is some oxygen present.^[@ref61]^ Etching of larger nanoparticles to clusters with excess thiols was similarly only observed when oxygen was present.^[@ref62]^ It was proposed that the synthesis of Au~25~ proceeds via larger, polydisperse nanoparticles that are etched with excess thiols. Thiols can react with oxygen to give thiyl radicals (RS^•^) which homolytically cleave Au--S bonds of the nanoparticles, resulting in Au^•^ species which were experimentally observed with electron paramagnetic resonance (EPR) spectroscopy.^[@ref62]^ The overall proposed mechanism for etching results in a layer-by-layer stripping of Au from the nanoparticle, until magic size clusters are obtained. Under inert atmosphere, no Au~25~ was obtained unless also radical initiators were added, confirming the importance of the diradical nature of oxygen. Similar observations were made for aqueous Au clusters, where in the absence of oxygen or radical initiators larger nanoparticles were formed instead of atomically monodisperse Au~25~ or Au~102~.^[@ref63]^ Clearly, the role of oxygen in size focusing is of great importance both in organic and in aqueous solutions. For phosphine-capped Au clusters, it has likewise been shown that etching plays an important role in determining the final cluster size and may be controlled by the extent of ligand oxidation.^[@ref64],[@ref65]^

To the best of our knowledge, no similar studies have been performed on Ag clusters, although a method involving multiple reduction and oxidation steps has been shown to obtain a stable cluster of unknown composition.^[@ref66]^ Another study found highly luminescent Ag could be formed after the reduction of a decomposed and initially polydisperse cluster sample.^[@ref67]^ In both these cases multiple reduction steps are used and size focusing does not yield the desired product by direct aging after the initial reduction.

The etching mechanism proposed for Au clusters involves both oxygen (or radical initiator) and excess thiols. If a similar mechanism is responsible for the etching to Ag~29~, it is clear why clusters prepared with low LA concentrations^[@ref19]^ show weak luminescence and less pronounced absorption features when compared to the standard clusters; there is less ligand available for etching.

Conclusions {#sec4}
===========

The synthesis process of Ag~29~(LA)~12~^3--^ clusters was investigated to provide information on the mechanism. Optical spectroscopy, mass spectrometry, and X-ray spectroscopy were used to study the formation of the clusters. Upon addition of NaBH~4~ to the synthesis intermediate solution of LA with AgNO~3~, rapid nucleation and growth occurs resulting in the formation of Ag particles with a few hundred atoms. How these nanoparticles are formed is still unknown, as none of the techniques were able to observe the nucleation process. The reduction of AgNO~3~ and subsequent nucleation are rapid enough that no AgNO~3~ is observed with X-ray spectroscopy at any stage during the synthesis. From the polydisperse mixture of larger species, Ag~29~ clusters are formed and their concentration increases steadily over time. The etching process to obtain Ag~29~ requires oxygen and cannot proceed in inert atmosphere. Clusters with composition Ag~29~(LA)~11~^2--^, Ag~28~(LA)~11~^2--^, and Ag~26~(LA)~10~^2--^ are observed in mass spectrometry during synthesis and may be intermediates in this process. No heavier cluster species are observed, proving that Ag~29~ is by far the most stable species in the range Ag~29~ to Ag~∼100~ under the synthesis conditions.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.8b09360](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b09360).Detailed protocols for synthesis and sample purification, additional mass spectra, UV--vis spectra before and after EXAFS, EXAFS fits and calculations, and additional XANES calculations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09360/suppl_file/jp8b09360_si_001.pdf))
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